A Mu dl derivative is described which is useful for genetic manipulation of Mu-lac fusion insertions. A double mutant of the specialized transducing phage Mu dl(Amp Lac c62ts) was isolated which is conditionally defective in transposition ability. The Mu dl derivative, designated Mu dl-8(Tpn[Am] Amp Lac c62ts), carries mutations which virtually eliminate transposition in strains lacking an amber suppressor. In such strains, the Mu dl-8 prophage behaves like a standard transposon. It can be moved from one strain of Salmonella typhimurium to another by the general transducing phage P22 with almost 100% inheritance of the donor insertion mutation. When introduced into a recipient carrying supD, supE, or supF, 89 to 94% of the Ampr transductants were transpositions of the donor Mu dl-8, from the transduced fragment into new sites. The stability of Mu dl-8 in a wild-type, suppressor-free background was sufficient to permit use of the fusion to select constitutive mutations without prior isolation of deletions to stabilize the fusion. Fusion strains could be grown at elevated temperature without induction of the Mu d prophage. The transposition defect of Mu dl-8 was corrected by a plasmid carrying the Mu A and B genes.
The specialized transducing phage Mu dl(Ampr Lac c62ts), originally constructed by Casadaban and Cohen (10) , has become one of the most effective tools for studying regulation of transcription in bacteria. The simple isolation of lac operon fusions to any operon of interest allows an easy means of surveying the regulation of transcription from a particular promoter. The fusions also permit identification of classes of genes with a particular regulatory response (19, 33, 34) . Variation in the levels of P-galactosidase activity is directly related to variation in the levels of transcription from the promoter to which the lac operon is fused. This is especially useful in studying regulation of functions for which no direct simple assay is possible (20) . In addition, methods for selecting lac regulatory mutants can be used to isolate regulatory mutants for any gene to which fusion can be achieved (3) .
Recently another defective derivative of Mu, Mu d2(Ampr Lac c62ts) (4, 9) , has been constructed which is similar to Mu dl except that insertions of Mu d2 can generate a gene fusion whose product is a hybrid protein derived in part from the target gene and in part from the lacZ gene present on Mu d2
( Fig. 1 ). These fusion proteins have P-galactosidase activity.
Fusions of this type have been especially useful in studying protein localization (29) .
The ease offorming Mu dl and Mu d2 insertions (hereafter collectively termed Mu d) is due to: (i) the high frequency with which Mu d transposes, (ii) the randomness of insertion into the chromosome, and (iii) the ability to directly select for transpositions via selection for ampicillin resistance encoded in the Mu d genome (10) . Once inserted, the Mu d genome is reasonably stable to further transposition at low temperature due to the synthesis of a thermosensitive repressor protein, a product of the Mu c gene (10) .
Unfortunately, even at noninducing temperatures (30°C), the Mu d insertion undergoes transposition-rearrangement events at a frequency of 10-3 to 10-4 (22) . This frequency is too high to permit selection for regulatory mutants. Selection for elevated lacZ levels usually results in mutants in which * Corresponding author.
Mu d has transposed and formed a new fusion, placing lacZ under the control of a more highly expressed promoter.
Another problem with Mu d insertion mutants is that they must be maintained at low temperature, and the original insertion mutation cannot simply be introduced into new strains due to zygotic induction of transposition functions (21) . At elevated temperatures, Mu d can kill the host by at least one of two known mechanisms, expression of the Mu kil gene or the production of phage replication functions through the loss of cts repressor function (7, 14, 15, 32) . Both the temperature restriction and the difficulty of moving fusions into new genetic backgrounds present problems for genetic manipulation of Mu d fusion mutations. To avoid these problems, it has usually been necessary to stabilize each fusion of interest. Stabilization of Mu d insertions has been accomplished by selection for deletions which remove the Mu d genes encoding the transposition functions (8, 20, 21) or by construction of insertion mutants in the Mu B gene (2, 7) . In the latter case, Mu d is stable to killing at elevated temperatures; however, it is still capable of transposition by zygotic induction due to a fully functional Mu A gene (2) Table 1 . All Salmonella typhimurium strains were derived from LT2. E. coli PP1073 was constructed and kindly provided to us by P. van de Putte.
Genetic nomenclature. The basic genetic nomenclature used is that described by Demerec et al. (13) . S. typhimurium TT9749 is an insertion mutant in the hisD gene. This has been given a hsiD and not a hisD allele number. This is an extension of the his allele nomenclature. All his alleles up to his-9999 have been used. All subsequent mutants isolated in the his operon are given hsi allele numbers starting at hsi-1.
Media. The E medium of Vogel and Bonner (31) supplemented with 0.2% glucose was used as minimal medium. Difco nutrient broth (8 g/liter; Difco Laboratories) with NaCl added (5 g/liter) was used as rich medium. Difco agar was added at a final concentration of 1.5% for solid medium. Auxotrophic requirements were included in media at final concentrations described by Davis et al. (12) . Ampicillin was added to a final concentration of 30 ,g/ml in nutrient broth and to 15 ,ug/ml in E medium. Media containing ampicillin were always prepared fresh before use. 6-Aminonicotinamide and azetidine carboxylate were obtained from Sigma Chemical Co. and used at final concentrations of 50 and 25 ,ug/ml, respectively. 5-Bromo-4-chloro-3-indolyl-,-D-galactoside (X-gal; Sigma) dissolved in N,N-dimethyl formamide (20 mg/ml; Fisher Scientific Co.) was added to media at a final concentration of 25 p,g/ml.
Transductional methods. The high-frequency, generalized transducing bacteriophage P22 mutant HT10511 int-201 was used for all transductional crosses. This phage was derived by G. Roberts (unpublished results) from the P22 HT1051J phage of Schmieger (28) . Selective plates were spread directly with 2 x 108 cells and 108 to 109 phage. Transductants were purified, and phage-free clones were isolated by streaking nonselectively onto green indicator plates (11) . Phagefree clones were then checked for phage sensitivity by crossstreaking with P22 H5 (a clear plaque mutant) phage. P1-vir phage lysates were prepared and transductions were performed by the method of Berman et al. (5) .
Mutagenesis. Hydroxylamine mutagenesis of P22 transducing phage and diethyl sulfate mutagenesis of cell cultures was done as described by Davis et al. (12) .
Plasmid mobilization. The plasmid pLP103-6-3, which expresses the Mu A and B gene functions, was constructed and kindly sent to us by P. van de Putte. The E. coli bacteriophage P1 was grown in an E. coli strain that harbored this plasmid and which was used to trainsduce the plasmid into a restriction-deficient, modification-proficient galE S. typhimurium strain by selection for ampicillin resistance. Salmonella sp. galE mutants are sensitive to infection by P1 when grown in media lacking galactose (24) . P22 was then grown on this Salmonella strain and used to transduce the plasmid into other Salmonella strains. The ability of small plasmids to be introduced into strains by generalized transduction has been demonstrated by R. Menzel and R. Johnson (unpublished data).
Mu d mobilization. In S. typhimurium, the different Mu d phages described here were moved from strain to strain by P22 transduction (16) (16, 26) . No complete Mu helper phage was provided. The Mu dl phage was transduced from strain to strain in S. typhimurium by using the general Salmonella transducing phage P22 (16) We used Mu dl insertions in either of the chromosomal genes pncA and putP, which causes cells to be resistant to the analogs 6-aminonicotinamide and azetidine carboxylate, respectively. When P22 grown on a donor strain carrying a Mu dl insertion in one of these genes transduced wild-type LT2 cells to Ampr, greater than 99.9% of the Ampr transductants remained analog sensitive as a result of Mu dl transposition to new sites throughout the chromosome. Thus, transductants resulting from transposition did not inherit the analog-resistant phenotype of the donor insertion mutation.
Isolation of a transposition-defective derivative of Mu dl. P22 lysates were prepared on strains which carry an insertion mutation phenotypically resistant to both ampicillin (due to the presence of Mu d) and to a metabolite analog (6-aminonicotinamide or azetidine carboxylate; (due to the insertion mutation). The phage stocks were mutagenized in vitro with hydroxylamine (17) and used to transduce wildtype LT2 to Ampr. The Ampr transductants were then screened for those that had also acquired the donor insertion phenotype (analog resistance). Those that inherited the analog resistance phenotype resulted from either Mu dl transposition into the same gene or inheritance of the donor insertiop mutation by homologous recombination. Mutant Mu d phages which are defective in transposition can only be transduced by homologous recombination; thus, they were expected to contribute to the Ampr transductants which inherited the donor analog resistance phenotype.
Putative transposition-defective Mu dl derivatives (Ampr, analog resistance) were then screened for temperaturesensitive growth. Relief of repression at elevated temperatures results in the death of the host by prophage induction or expression of the kil gene. A transposition-deficient Mu d might show temperature resistance, provided a single mutation could affect these properties at elevated temperatures. Mutant Mu dl prophages which proved deficient in transposition and resistant to high temperature were then tested for suppressibility by amber suppressors.
Three different parental Mu dl insertion mutants were used in the isolation of amber-suppressible, stable derivatives of Mu dl. Each insertion conferred analog resistance: TT7227 (pncA207::Mu dl) and TT7232 (pncA2J2::Mu dl) are resistant to the nicotinamide analog 6-aminonicotinamide (18) , whereas strain TT7963 (putP1017::Mu dl) is resistant to the proline analog azetidine carboxylate (25) . P22 phage stocks were grown on each of these drug-resistant strains and mutagenized with hydroxylamine by the procedure of Hong and Ames (17) . These mutagenized phage stocks were used as donors into LT2, with selection for Ampr transductants. Approximately 1,000 Ampr transductants from each of the three crosses were screened for analog resistance. Of the 3,000 Ampr transductants screened, 10 were found to be analog resistant. These 10 were screened for temperature sensitivity by patching onto nutrient broth agar at 42°C. Six were found to be viable at 42°C, suggesting a defect in transposition. Of the six, one was from TT7227, three were from Tf7232, and two were from FT7963. These six were then screened for the ability to transpose in a sup' and a suppressor-carrying (supE) strain. This was tested by P22-mediated transduction of the mutant Mu dl as a donor into recipient strains with and without a supE suppressor (DB7155 and DB7136, respectively). In each case, Ampr transductants were selected, and the percentage of transductants showing analog resistance was scored. One of the TABLE  Strain  S. typhimurium  LT2  DB7136  DB7155  TT7227  TT7232  TT7575  TT7610  TT7612  TT7614  TT7674   TT7688   TT7692  TT7%3  TT8046   TT8353   TT8388   TT9749  E. coli  PP1073   KL228   TR6547   TR6548   TT9812   TT9813   TT9828   TT9894   TT9895   TT9897 original six candidates (pncA212::Mu dl-6; from FT7232) was found to transpose at a high frequency in the supE recipient; less than 0.1% of the Ampr transductants inherited the donor analog resistance. In the recipient with no suppressor, 57% of the Ampr recombinants which inherited Mu dl-6 showed the 6-aminonicotinamide resistance phenotype (Table 2) . Thus, Mu dl-6 is defective but not completely deficient in transposition ability.
Generation of a Mu dl phage with a more complete transposition defect. Although the Mu dl-6 lysogen in a background lacking any suppressor mutation grew well at 42°C, it transposed at an unacceptably high frequency with increasing temperature (Table 2) . To obtain more stable derivatives of Mu dl-6, advantage was taken of a growth property of Mu dl-6 lysogens. The Mu dl-6 lysogens grow very poorly at 43 to 45°C in nutrient agar, giving rise to faster growing revertants. Fifty independent temperature-resistant were presumably due to transposition. All other transductants were His-and arose by homologous recombination events involving the transduced fragment (Table 3) .
To measure effects of amber suppressors on transposition of Mu dl-6 and Mu dl-8, we isolated Lac-Mu dl-6 and Mu dl-8 insertion mutations as described above, and the reversion frequencies to Lac' at various temperatures were determined. For Lac-insertions of the parental Mu dl phage, revertants arose most commonly by transposition to a secondary site that provided a promoter for lac operon expression. Lac-Mu dl-6 insertions in a sup' (no suppressor) strain were very stable at 30°C, reverting to Lac' at a frequency of 10-8 to 10-9 (Table 4 , line a). When tested at 42°C, these same strains reverted at a frequency of 10-3 to 10-4 (Table 4 , line b), which is similar to the reversion frequency of Lac-Mu dl-6 insertions in a supE strain at 30°C (Table 4 , line c). The reversion frequency of 10-3 to 10-4 was the same as that reported for the original Mu dl Lac-insertions reverting to Lac' at 30°C (22) . resulting in the inability to utilize various carbon sources have also been isolated (data not shown). Use of Mu dl-8 to select for mutants resulting in constitutive expression of the histidine biosynthetic operon. One of the main uses of Mu d fusions is to provide a simple means of isolating regulatory mutants by using Lac selection techniques. We selected for increased Lac expression of a his::Mu dl-8 insertion mutant to demonstrate that Mu dl-8 is stable enough to use directly for selection of constitutive mutants in the his operon. If regulatory mutants can be obtained with Mu dl-8 in his, then similar methods could presumably be used to obtain regulatory mutants for any operon.
A his::Mu dl-8 insertion, isolated as described above, was shown by complementation and deletion mapping experiments to be in the hisD gene (data not shown). This insertion mutant formed light-blue colonies when grown on minimal medium containing histidine and the chromogenic lacZ substrate X-gal and dark-blue colonies when starved for histidine. A 0.1-ml portion of an overnight culture of this strain was plated onto a minimal medium plate containing X-gal, and a crystal of histidine was added to the center. After overnight incubation, growth around the crystal occurred which was light blue near the crystal and dark blue along the edge of growth. This suggested that the insertion places the lac operon under control of the his promoter. When plated on lactose as sole carbon source, this strain grew slowly and Mu dl-8 element was transduced (by phage P22) into a new recipient, and the relative frequencies of inheritance of the Mu d by recombination and by transposition were determined. (ii) The sensitivity of Mu dl-8 lysogens to killing by high temperature was checked. Since killing can be caused by the relief of repression of Mu transposition functions, this lethality is an indirect assay of transposition. (iii) The ability of a Lac-Mu dl-8 insertion to transpose to a new site and thereby cause a Lac' revertant of the host strain was determined. By all these criteria, Mu dl-8 is defective in transposition in suppressor-free strains and regains transposition ability in the presence of an amber suppressor.
By using Mu dl-8 we were able to avoid the transpositionrelated problems associated with use of Mu dl. Two problems with Mu dl are phage replicative transposition of lysogens grown at elevated temperatures and zygotic induction when the Mu dl phage is introduced into a new host. These problems are avoided since Mu dl-8 is transpositiondefective in strains which lack an amber suppressor mutation. In such strains, a Mu dl-8 prophage was not induced at elevated temperatures. When P22 grown on a Mu dl-8 lysogen was used to transduce Mu dl-8-encoded ampicillin resistance into a wild-type (no suppressor) recipient, almost all of the Ampr transductants inherited the Mu dl-8 phage by homologous recombination. Transposition events occurred at a frequency of only 0.2 to 0.3% of the total Ampr transductants. When a similar transduction was done with P22 grown on the nonmutant Mu dl lysogen, greater than 99.9% of the Ampr transductants inherited the Mu dl phage that had transposed. Once inserted, the Mu dl lysogens underwent transposition-related rearrangements at the permissive temperature (30°C) at frequencies of 10-3 to 10-4. At 30°C, Mu dl-8 lysogens underwent similar rearrangements at frequencies of less than 5 x 10-9 to 4 x 10-9. This is about the frequency with which one would expect rearrangements to occur in the absence of transposition functions. Finally, we also showed Mu dl-8 to be useful in making stable fusions in E. coli as well as in S. typhimurium.
The stability of the phages described here (Mu dl-8 and Mu d2-8) makes them particularly attractive for use in the study of gene regulation. The very low frequency of transposition permits simple selection of regulatory mutations without prior stabilization of the Mu d insertion. Also, the lac fusions can be transferred into any new genetic background without zygotic induction of the prophage. Thus, the phages facilitate construction of isogenic strains containing the lac fusions which can be grown and assayed at high temperature. An additional use of these stabilized phages is in the directed construction of chromosomal deletions and duplications; these methods will be described elsewhere (Hughes and Roth, submitted for publication).
